Since almost 30 years, lung transplantation is a considerable therapeutic option in patients suffering from end-stage lung disease. Up to now, the impact of donor-specific antibodies directed against donor HLA (human leukocyte antigen) before and after transplantation is still a matter of debate. As histocompatibility testing is not required for each patient according to the current national guidelines and Eurotransplant recommendations for lung transplantation, each transplantation unit has to establish a local protocol together with the tissue typing laboratory how to implement an immunological risk assessment strategy for their patients while enabling access to transplantation. Desensitization regimens might help in case of highly alloimmunized patients waiting for urgent transplantation.
Introduction
In the last few years, several authors were able to elucidate the impact of de novo donor-specific antibodies directed against donor HLA (human leukocyte antigen) after transplantation of solid organs on graft and patient survival [1] [2] [3] . In renal transplantation, there is no doubt that anti-HLA antibodies directed against donor HLA and antibodies which cause a positive crossmatch test may lead to acute rejection of the transplant [4] . In heart and lung transplantation, the presence of HLA antibodies before transplantation also seems to be important because their detection in traditional functional assays as complement-dependent cytotoxicity (CDC) is associated with decreased survival [5] . Since the introduction of solid-phase immunoassay (SPI) technology, the clinical impact especially of preformed HLA antibodies in transplantation of solid organs is still a matter of debate [6] [7] [8] .
With this review, we would like to describe the impact, screening, and therapy of HLA antibodies in patients before and after lung transplantation while presenting the actual Munich approaches always intending access to transplantation.
Lung Transplantation
Since the late 1980s, lung transplantation has become an option for patients with end-stage lung disease to retain lung function and to improve survival and quality of live [9] . Individuals living with end-stage lung disease are severely restricted with respect to normal daily exercises, dependent on oxygen substitution, and threatened by death. DOI Hence, the number of lung transplantations is continuously increasing. The International Thoracic Organ Transplant Registry from the International Society of Heart and Lung Transplantation (ISHLT) reports about 4,122 lung transplantations in 2015 [10, 11] . According to the Eurotransplant (ET) annual report (2017), lung transplantation is also increasingly practiced in Europe (www.eurotransplant.org). Unfortunately, long-term survival is still lower compared to other solid organ transplants with a current 5-year survival of 50.3%, although it has improved over the last few years [12, 13] . Since the first years of single lung transplantation, bilateral lung transplantation has become the standard procedure due to the better long-term outcome [10] . Certainly, the operation procedure is dependent on the underlying disease [14] . Patients with cystic fibrosis or pulmonary hypertension are transplanted bilaterally, and single lung transplantation is possible in few patients with interstitial fibrosis or chronic obstructive pulmonary disease exposed to a higher mortality risk after transplantation.
In the past, lung allocation was based on waiting time and urgency within ET. In 2011, the Lung Allocation Score was implemented following the allocation principle in North America [15] [16] [17] . Urgency and prospect of success were taken into account for the Lung Allocation Score. Until now, the results showed a decrease in mortality in patients on the waiting list and a better 1-year graft survival after transplantation [18, 19] . Histocompatibility in terms of HLA matching is only considered in kidney allocation, but it does not play a role in nonrenal transplantation. So far, HLA typing and antibody screening is not required for each patient according the current national guidelines and ET recommendations for lung transplantation. Thus, a local clinical protocol has to be established taking histocompatibility testing into account. Furthermore, in case of immunized patients on the waiting list, it is always challenging which donor HLA should be avoided, and the decision should be based on patient characteristics by a multidisciplinary team. In this review, we evaluate different strategies.
After transplantation, patients are not only at risk of severe infections due to intensive immunosuppressive therapy but also of malignancies. Beside infections, chronic lung allograft dysfunction (CLAD) is the main factor limiting long-term survival [20] . The bronchiolitis obliterans syndrome (BOS) is the obstructive manifestation of CLAD [21, 22] . In a recent study by, Kulkarni et al. [23] , most recipients died or developed BOS within 4 years, and very few remained alive and free from BOS 10 years after transplantation. Risk factors for developing BOS are various: (1) primary graft dysfunction, (2) acute cellular rejection, (3) antibody-mediated rejection (AMR), (4) lymphocytic bronchiolitis, (5) infections, or (6) gastroesophageal reflux [24] . BOS is the main course for transplantation failure and retransplantation. However, not all patients suffer from the obstructive form of CLAD. In some individuals, a restrictive allograft syndrome is prevalent [25] . Recently, de novo donor-specific HLA antibodies (dnDSA) have been found to increase the risk of CLAD and to accelerate its progression [26] [27] [28] [29] .
Antibody-Mediated Rejection
During an allogeneic lung transplantation, the recipient will be exposed to foreign leukocyte antigens (HLA) derived from the donor and is at risk of developing antibodies. These antibodies will induce a cellular and humoral rejection in the recipient, which may lead to the loss of the transplanted organ. To reduce the risk of rejection, an optimal immunological match between the donor and the recipient would be favorable. Nevertheless, due to the ongoing scarcity of donor organs and the persistent discrepancies between the high number of needed organs and the small number of organs offered, immunological "mismatches" have to be accepted. As a result, patients after "mismatched" lung transplantation often develop DSA which are able to trigger an AMR [27, 30] . AMR is well described in renal transplantation, where it has compromised graft survival [31, 32] . However, in lung transplantation, a standardized definition of AMR regarding histopathology as well as the impact of HLA antibodies is still discussed. In 2016, a working group created by the ISHLT published a proposal with the aim to determine criteria for pulmonary AMR [33] . The authors divided AMR in clinical (presence of allograft dysfunction) and subclinical (absence of allograft dysfunction) classes, grading the classes in possible, probable, and definite rejection episodes. The degree of certainty of the diagnosis depends on the demonstration of whether multiple criteria are present or absent. "Define" AMR reveals all criteria such as allograft dysfunction, lung histology, C4d+, and DSA, while all other causes are excluded. Nevertheless, some open questions remain, and according to the authors consensus definitions are dynamic, and more efforts should be made to develop effective strategies for the prevention, diagnosis, and particularly the management of AMR.
Histocompatibility Testing
There is no doubt that the polymorphic HLA system is presently the most important biological barrier in the setting of organ transplantation. Patients awaiting kidney and/or pancreas transplantation have to be typed for their individual HLA profile before entering the waiting list. Up to now, they are typed for HLA-A, -B, -C (class I) and -DRB1 and -DQB1 (class II) according to national and international guidelines. Is has to be mentioned that there are additional immunogenic HLA loci as HLA-DQA1, -DPA1, and -DPB1 (class II) which are not taken into account during the allocation process. Besides HLA typing, the patient is to be screened regularly for the presence of HLA antibodies.
HLA Antibody Detection
Concerning screening for HLA antibodies, the traditional cell-based CDC method revealing complementbinding HLA antibodies of IgG and IgM type is still a valuable tool for HLA antibody detection and specification, especially class I. Due to the famous work of Patel and Terasaki [4] in 1969, it is well known that cytotoxic HLA antibodies are strongly associated with graft rejection, but the CDC assay is not sensitive and specific enough to detect these deleterious antibodies in a sufficient and reliable manner.
Meanwhile the microparticle-based technology using flow cytometry (SPI/Luminex ® technique) has been successfully applied [34] . Different kinds of multi-or singleantigen beads enable screening or specification of HLA class I and/or II antibodies also against HLA-DQA and -DP antigens. After incubation of patient serum with Luminex microbeads, alloantibody binding to its antigenic target is made detectable by adding a fluorescent-conjugated antihuman IgG. The mean fluorescence intensity (MFI) helps to estimate the amount of IgG antibody in patient sera in a semiquantitative way. In case of pretransplantation depending on the detected HLA antibodies, the HLA of a prospective donor is either defined as unacceptable antigen (UNAG) or as a risk antigen. If several HLA antibodies are detectable, a panel-reactive antibody (PRA) value (%) is calculated based on the frequency of the defined UNAG within a pool of HLA-typed deceased donors (Fig. 1) . The higher the immunization the higher the PRA value. There is no doubt that the Luminex technique is more sensitive and more specific than the CDC technique, but the interpretation of the results is still challenging both before and after transplantation. In their review, Gebel and Bray [35] summarized that there are several factors significantly influencing HLA antibody detection and specification results, e.g., the threshold level (MFI), the kinds of antigens (native or recombinant), and their density on the beads, denatured HLA epitopes expressed on single-antigen beads (especially class I), and the prozone effect or desensitization agents like intravenous immunoglobulin (ivIg). Using C1q, C3d, or C4d might help to determine which of the Luminex-detected HLA antibodies are able to bind complement. It has to be kept in mind that the ability to bind complement is associated with DSA MFI and antibody titer [36] . In kidney transplantation, it has been shown that in contrast to post-dnDSA, the risk of pretransplant DSA for AMR seems to be identical independent of the antibody capacity for fixing complement [37] .
Crossmatch
Within ET, the prospectively performed CDC crossmatch (CDC XM) is still the golden standard [4] . Donor lymphocytes prepared from peripheral blood or a piece of spleen are attacked by donor-specific patient alloantibody in the presence of complement. Thus, this technique is limited to the detection of complement-binding HLA specificities.
In contrast, the flow-cytometric crossmatch (flow XM) is sensitive for the detection of complement and non-complement-binding HLA class I and II antibodies [38] . As donor lymphocytes, recipient serum, and a fluorescent-labeled antihuman immunoglobulin are incubated together, the flow XM enables a perfect correlation to the Luminex antibody identification results [39] . Another advantage compared to CDC XM is the independence of personal visual interpretation. It is important to mention that the International Antibody Consensus Group did neither vote for CDC XM nor for flow XM [7] .
Based on the Luminex technology and the definition of UNAG or risk antigens, a less time-consuming virtual crossmatch (VXM) can be performed in case of an organ offer [40] . This useful tool enables patients awaiting heart and lung transplantation immunological risk assessment and an extended donor pool. 
Impact of Preformed HLA Antibodies on Clinical Outcome Data
The groups of Hadjiliadis et al. [41] and Shah et al. [5] could impressively demonstrate the deleterious role of complement-binding preformed DSA on graft and patient survival after lung transplantation.
But the impact of Luminex-detected HLA antibodies before transplantation on graft function is still a matter of debate. As mentioned before, patients awaiting lung transplantation do not have to be screened for the presence of HLA antibodies according to national regulatory bodies. Thus, most of the studies focusing on the role of preformed Luminex-detected HLA antibodies are performed retrospectively, mostly in small patient cohorts. With the Luminex technique, HLA antibodies have been identified in up to 30-40% of the recipients following lung transplantation. Several data from the literature help to assume that preformed Luminex-detected HLA antibodies -whether specific to donor antigens or not -precede chronic rejection leading to organ failure.
In 2014, Smith et al. [8] demonstrated a 1-year survival for 51.9% of DSA-positive patients while patients with complement-binding DSA revealed a worse 1-year survival of 12.5%. Patients transplanted against DSA and surviving the first year were not more at risk to develop BOS than patients without immunological risk. Another study published in the same year reported a significant association of pretransplant HLA antibodies with higher AMR rates, whereas 1-year survival was not different. In contrast to these data, Chin et al. [42] could not show an association between pretransplant DSA and worse 1-year survival or medium-term (up to 60 months) clinical outcomes after transplantation. In their retrospectively performed study including 56 patients, Brugière et al. [43] found a lower freedom from BOS and a higher rate of mortality for patients with preformed class II DSA. They used an unusual MFI threshold of 300 in their study while among reports on kidney transplantation HLA specificities with MFI below 1,000 are widely considered negative [44] . Up to now, there is no consensus regarding the appropriate MFI threshold stating which preformed HLA antibodies have to be considered as clinically relevant leading to define HLA of a potential donor as unacceptable or as risk factor for lung transplantation candidates ( Table 1 ).
In 2013, Tait et al. [7] published consensus guidelines on pre-and posttransplantation monitoring of HLA antibodies in solid organ transplantation demanding that the presence of preformed DSA should be avoided in heart and lung transplantation. Ideally, all DSA are considered, but this is often not practical in the setting of organ scarcity and recipient allosensitization. This recommendation opens the discussion on the technique-based definition of DSA. Should only CDC+/Luminex+ HLA antibodies be taken into account? What about CDC-/ Lu-minex+ HLA specificities, and which mean fluorescence threshold is to be used? Can we dispose the traditional prospective CDC XM only heading for a VXM in case of an organ offer? As there are no guidelines, each HLA laboratory has to establish a local protocol together with the transplantation unit how to implement an immunological risk assessment strategy for their patients while still enabling access to transplantation ( Table 2 ). If HLA antibodies are detectable in patient serum, the information about immunizing events like former transplantations, blood transfusions, and pregnancies is very important for the definition of UNAG versus risk antigens. Patients belonging to risk group I are not immunized, and in case of an organ offer, each donor is suitable from the immunological point of view. Patients of risk groups II-IV are HLA alloimmunized. The classification UNAG and risk antigen is based on the knowledge of immunizing events and the Luminex results. UNAG are an explicit contraindication in case of an organ offer. Donors with risk HLA can be accepted while taking the higher immunological risk into account and intensifying the immunosuppressive therapy. In risk groups II and III, the HLA profile of the donor is accepted based on VXM. Very highly immunized patients belonging to risk category IV are discussed for desensitization protocols before transplantation. These patients should get a prospective CDC XM based on T cells. If there is a need for an extended donor pool while a prospective CDC XM is not possible, a perioperative CDC XM in the recipient laboratory is highly recommended to adapt the immunosuppressive regime.
Finally, with the recently published study showing that allosensitized patients awaiting lung transplantation had longer waiting times, a decreased likelihood of transplantation, and at last a reduced overall survival, the definition of UNAG still remains a daily challenge [45] .
In the last years, there have been several attempts to substitute the HLA-based matching of donor and recipient towards epitope matching for transplantation, but up to now this has not been implemented in daily routine [46] . Another approach in predicting the immunogenicity of donor HLA is the PIRCHE II (Predicted Indirectly Recognizable HLA Epitopes presented by recipient HLA class II) algorithm. Geneugelijk et al. [47] previously demonstrated that donor-derived PIRCHE II seems to play a role in dnDSA formation after kidney transplantation. Whether this can also be demonstrated for patients awaiting another solid organ transplantation has to be awaited until significant studies have been published.
Impact of dnDSA
A possible impact of de novo HLA antibodies against the donor, occurring after lung transplantation, on graft survival was reported more than 10 years ago by Girnita et al. [48] in 2005. Patients with dnDSA had a higher rate of acute organ rejections and a higher rate of BOS than patients without de novo formation of antibodies. These retrospective data indicated that de novo HLA antibodies induce graft failure. In the course of the years, other groups confirmed these data (Table 3) [26, 49, 50] . Moreover, there is evidence that dnDSA are associated with decreased survival following lung transplantation [26, 27, 51] . Several data indicate that patients suffering from AMR had significantly higher incidence rates of dnDSA [30, 52] . dnDSA appear frequently (20-50%) after lung transplantation. However, the pathophysiological impact is still not completely understood due to the fact that some patients developing dnDSA show a rapid decline in lung function and an impaired survival, but others do not. The majority of dnDSA appear early after transplantation, mostly in the first year after transplantation, and are directed against HLA-DQ [52, 53] . In recent years, there was growing interest in persistence as opposed to spontaneous dnDSA clearance. Especially, persistent DSA seem to be more harmful [54] [55] [56] . Verleden et al. [50] recommend to distinguish transient and persistent dnDSA. We found that patients with persistent dnDSA not disappearing in the first year after transplantation had a significantly higher risk of mortality, with 60% of these patients not surviving the first year [54] . It would, therefore, be advisable to screen patients regularly after transplantation. In our Munich approach, we screen lung transplant patients continuously after transplantation (after 3 weeks, after 3, 6, 9, 12, 18 , and 24 months, and then yearly) and on demand in case of lung dysfunction. Another crucial point in posttransplant monitoring of HLA antibodies is the sensitivity of the applied detection assays. It is well known that Luminex screening beads are less sensitive than single-antigen beads. Other HLA loci e.g., HLA-C, -DQA, -DPA, and -DPB besides the known HLA loci A, B, DRB1, and DQB1, might be underestimated because donors are rarely typed for all loci. To validate these important findings and to be able to predict the risk to develop acute graft failure and BOS, multicenter prospective studies are requested.
Therapeutic Options
Sensitization to HLA is an obstacle to the success of lung transplantation. As already described, both preformed and de novo DSA are very likely to be associated with acute rejection, CLAD, and decreased survival. Several lung transplant centers practice avoidance of DSA at the time of organ allocation. Concerning lung transplant candidates with a high PRA and a small number of compatible donors, waiting time and risk of death on the waiting list should be kept in mind. Desensitization regimens aim to reduce the HLA antibody titer in patient sera to enlarge the donor pool and to improve posttransplant outcome. Many centers have employed therapeutic approaches to desensitize the immunized patients prior to transplantation, but only few data are available [57, 58] . Multicenter randomized trials are missing. Most of the protocols failed because treatment has been individualized. All of the data are retrospectively collected in single centers. To remove antibodies, plasma exchange or immunoabsorption are mainly used. Due to rare side effects, ivIg for immunmodulation are frequently given alone or after plasma exchange. Drugs like rituximab (anti-CD20 antibody) for B-cell depletion or bortezomib (proteasome inhibitor) for plasma cell depletion are administered to the patient to inhibit DSA production ( Table 4 ). In 2015, the Toronto Lung Transplant Program published a protocol for the management of sensitized patients [57] . Pretransplant DSA were identified, In contrast to other studies, they showed a high antibody clearance. This phenomenon might be explained by the early start of intervention before allograft dysfunction occurred. Nevertheless, it has to be kept in mind that some patients might be "overtreated." Sullivan et al. [65] pointed out that clearance of DSA correlated significantly with improved outcomes. Unfortunately, response to treatment was poor, with only 12 of 47 patients demonstrating clearance of DSA and worse survival in the DSA-positive group that never cleared DSA. In summary, up to now, there are no evidence-based recommendations for desensitization protocols and treatment of AMR.
Conclusion
HLA-alloimmunized lung transplant recipients remain a high-risk group of patients demanding for peculiar attention during waiting time. With the available sensitive Luminex technique, more HLA antibodies are detectable, but their impact especially during waiting time still remains a matter of debate. Identification of risk antigens enables the clinician to make more evidence-based decisions regarding whether or not to accept an organ for an immunized patient and whether an intensified immunosuppression is indicated. Monitoring for DSA posttransplant identifies recipients at a greater risk for pulmonary AMR and can guide treatment. Clinical trials do not provide conclusive evidence to support any specific treatment.
Outlook
As mentioned before, up to now histocompatibility testing is not required in the current national guidelines and ET recommendations for lung transplantation. National/international guidelines demanding for HLA typing and HLA antibody screening before and after transplantation would help to standardize the immunological information for each lung recipient. The knowledge about HLA typing of donor and recipient and the HLA immunological profile of the patient could facilitate performing multicenter studies in order to define UNAG for the patient and to establish desensitization protocols and AMR treatment strategies. Finally, a commonly accepted immunological risk assessment is highly requested for all patients to improve long-term graft survival.
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